INTRODUCTION
In a recent paper (1) we reported the analysis of the hightemperature emission spectrum of D 13 C 15 N. The present paper is a continuation of that work. The spectrum of hydrogen cyanide, HCN, and those of its isotopomers have been measured extensively (2-7) because it is very simple and yet it shows many features that are of interest from a theoretical point of view. The spectrum is also the basis for comparison with ab initio calculations (8) including theoretical dipole moments and HermanWallis coefficients of the HCN isotopomers. The bending mode is of particular interest because of the large-amplitude motion of the proton and also because the bending motion is a direct pathway to the isocyanide isomer, HNC (9) . In earlier work Maki (10) showed that high-temperature absorption measurements of HCN can be used to observe transitions to quite high bending states. In another high-temperature study Maki and Sams (11) showed that absorption spectra could be obtained for HNC in equilibrium with HCN.
We have used an isotopically enriched sample of H 13 C 15 N. This linear molecule has three normal modes, two stretching vibrations of + symmetry and the bending mode of symmetry: ν 1 is the CH stretch at 3292.29 cm −1 , ν 3 is the CN stretch at 2029.63 cm −1 , and ν 2 is the degenerate bending mode at 705.01 cm −1 . Prior to this work there had been only a few infrared measurements of this twice-substituted species (4, 12, 13) . The first determination of the ν 1 fundamental wavenumber of Supplementary data for this article are available on IDEAL (http://www. idealibrary.com) and as part of the Ohio State University Molecular Spectroscopy Archives (http://msa.lib.ohio-state.edu/jmsa − hp.htm). 1 Permanent address: Laboratory of Molecular Spectroscopy, Physics Department, Tomsk State University, Tomsk 634050, Russia. this isotopomer was reported by Alpert et al. (12) . The transition to the v 1 = 2 band was given by Sasada and Yamada (13) . The ν 3 fundamental (of all four HCN isotopomers) was the focus of our treatment (4) . Further Refs. (14) (15) (16) were microwave or millimeter-wave studies. We have recently reported many new infrared measurements for H 12 C 14 N, H 13 C 14 N, and H 12 C 15 N (7). In that work the vibrational energy levels and rotational constants were fitted to a power series in the vibrational quantum numbers in a parallel fashion for all included isotopomers. In the present work we continue to apply that approach to the isotopomer H 13 C 15 N. The present work was undertaken to obtain further data for a systematic body of measurements giving an overview of the HCN potential energy surface and the pathway to isomerization.
Using a newly constructed emission apparatus (1), we have studied the emission spectrum of the isotopically enriched molecule H 13 C 15 N at 1370 K in the range from 400 to 850 cm −1 . The emission spectrum yielded many transitions to previously unobserved bending states up to v 2 = 11 and some combinations of the CN stretch mode, ν 3 , with various quanta of the bending mode, ν 2 . Such high bending states can be observed because of the vibrational dependence of the harmonic oscillator transition moment, which has been described by Maki et al. (1, 3) . We also report older room-temperature absorption measurements of this isotopomer of HCN in different wavenumber ranges. So, parallel to the analysis of the H 13 C 15 N emission measurements, we have made analyses for room temperature absorption measurements (2) (3) (4) (5) (6) .
Results concerning the emission spectroscopy of the HNC isomer are reported in Ref. (9) . The present measurement extends our accurate knowledge of the bending potential of the H 13 C 15 N isotopomer to levels that are well above the ground 
EXPERIMENTAL ASPECTS
All measurements were carried out in Giessen with a Bruker IFS 120 HR Fourier transform spectrometer with vacuum transfer optics. The isotopically enriched HCN isotopomer is synthesized by treating isotopically labeled potassium cyanide (CIL, Andover, Massachusetts) with phosphorus pentoxide and H 2 O, as has been described elsewhere (4) . The effective purity of the sample was not very well known since it had been used for other experiments before. The experimental setup was described in Ref. (1) . Table 1 lists the conditions used in the recording of two emission spectra used in this work. These spectra had a resolution (1/MOPD) of 0.006 cm −1 at 1370 K and 700 cm −1 . Table 2 gives the vibrational transitions that were included in the leastsquares fit used for this work. Most of the absorption measurements were taken from spectra used in our earlier papers (1) (2) (3) (4) (5) (6) .
The emission spectrum was calibrated using H 13 C 15 N lines from prior room-temperature absorption spectra. The absolute accuracy of the emission line positions is about ±0.0002 cm −1 . The absolute uncertainty of each band center can be estimated by taking the square root of the sum of the squares of the calibration uncertainty and the statistical uncertainty, which is generally less than the calibration uncertainty. Since the higher vibrational energy levels are determined by summing the band centers for several lower vibrational transitions, most of which come from the same spectrum with the same calibration, the error in the vibrational term values may be more accurately given by the product v 2 × (±0.0002) cm (17) . Since the calibration constants were strongly dependent on the pathlength adjustment of the multipass cell, each run had to be calibrated individually. The tables given in this paper report the statistically determined uncertainty in the band centers. The uncertainty of the absorption measurements due to calibration below and above 1500 cm −1 was determined to be ±0.0002 cm −1 and ±0.0004 cm −1 , respectively.
ANALYSIS OF THE MEASUREMENTS

Assignment of the Transitions
In Fig. 1 we present an overview of the quite dense emission spectrum of the ν 2 region. The band center of the ν 2 fundamental of H 13 C 15 N lies at 705.01 cm −1 . Figure 2 shows a blow-up of some Q-branches in the ν 2 region. The assignment of transitions was aided by the Giessen Loomis-Wood program (18) . This program cuts the spectrum into segments of 2B, where B is the rotational constant, and displays schematically consecutive segments, one above the other, on the monitor. With a good estimate of B and δB, lines belonging to a single subband will appear aligned in a recognizable pattern. Based on assignments of earlier absorption measurements, it was quite easy to assign emission transitions to levels that had already been observed. A peculiarity of the H 13 C 15 N isotopomer is a regular clustering, in this presentation, of the ladder of successive l max hot bands of the bending mode, beginning with v 2 = 5. This is analogous to the D 13 Estimated constants from previous data (7, 14, 16) or constants determined from a preliminary fit were useful in verifying the assignments. For emission spectra such as these, quite crowded with a high density of lines, one must have a system for verifying new assignments based on predictions. Sometimes it seems we could assign any predicted transition because there is always a line near the predicted position! We have used several criteria for verifying our assignments: intensity, l-resonance splittings, rms-deviation of the fit, and smooth variation of the rovibrational constants with vibrational quantum numbers. From calculated intensities (see Ref.
(1)) we know approximately how strong each transition should be. If a transition is too strong, it may be overlapped by another transition, but if it is too weak or is missing, then we must conclude that there is something wrong with our other assignments for the band in question. All transitions used in the fits had relative intensities that were in approximate agreement with the expected band intensity. No evidence was found for perturbations of the bands reported here. In many cases the J and l assignments of H 13 C 15 N could be verified by the splitting of the e and f levels, which can be resolved at sufficiently high J values. Even a crude approximation of the value of the l-type resonance constant will give an accurate estimate for the J -value at which the splitting should first be observed for levels with l > 1.
As a general rule, we have found that most of the transitions could be fit with an rms deviation of 0.0004 cm −1 or better. Weak transitions have somewhat larger rms deviations and some judgment had to be used to estimate what was an acceptable uncertainty for the weakest transitions. Usually, we have excluded those individual lines from the fit which have a deviation of more than ±0.0012 cm −1 from the calculated line position. In many cases a given vibrational state was involved in more than one band. Our fitting procedure combines all the transitions involving a given state to obtain a single set of constants for that state. In Table 2 we give the band centers of the infrared transitions used. Additionally, the band 200-000 is taken from supplementary material of Sasada and Yamada (13) . In Table 3 we also give the largest J -value, J max , that was included in the leastsquares fit of the corresponding state. In addition to the infrared measurements, the known millimeter-wave measurements (16) 
Vibrational and Rotational Constants
The constants of H 13 C 15 N obtained from the analysis of these measurements are given in Tables 3 to 6 . The present analysis is the same as that given in our earlier papers but we give in the tables constants that are based on a more standardized notation. The observed transition wavenumbers, ν obs , were fit with a nonlinear least-squares fitting program for which
where the prime ( ) and double prime ( ) stand for the respective upper and lower state term values. The term values, T (v, l, J ), are given by the appropriate eigenvalues for the matrix formed with the diagonal matrix elements
and with off-diagonal matrix elements
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b The uncertainty (one standard deviation) in the last digits is given in parenthesis. c Values enclosed in square brackets were fixed during the fit. and
where J is the quantum number for overall rotational angular momentum and l is the quantum number for vibrational angular momentum. The matrix has dimensions (v 2 + 1) × (v 2 + 1). When v 2 = 0 this is a 1 × 1 matrix for which the term value, T (v, l, J ), is given by Eq. [2] . The l-type doubling constants are given in Table 4 . In our fits we have used the same value of q l for all values of v 2 , cf. Ref. (7), which after several cycles was fit at fixed ρ v values to q l = 0.836 × 10 −5 cm −1 , and this value itself was fixed in the final fit. This constant is highly correlated with ρ v . For vibrationally degenerate states the energy levels are divided into e and f levels defined according to their parity (19) . For linear triatomic molecules the e levels are below the f levels for all and vibrational states while for and states the f levels are below the e levels. We have assigned a positive sign to the q v constants (20) while the signs of the remaining terms in Eqs. [3] and [4] are then determined from the fit of the measurements. The off-diagonal matrix elements given by Eqs. [3] and [4] represent the effect of l-type resonance, a type of Coriolis resonance. As long as there are no vibrational resonances, the usual definition of the band center of a vibrational transition, ν c , is given by
where
The band centers, ν c , for the bands measured in this work are given in Table 2 . The vibrational term values G 0 (v, l) are given in Table 3 . The least-squares programs used to obtain the constants in Tables 3 to 6 are the same programs used for Refs. (1-7) .
In only a few cases were all the higher order rovibrational constants adequately determined by the measurements. Rather than arbitrarily set to zero all those constants that could not be determined, we estimated the approximate value of the constants through the series of corresponding H v , q v J J , or ρ v terms. This was carried out by fitting the various constants to a power series in the vibrational quantum numbers as indicated later and extrapolating to estimate the values of those constants that could not be determined because the data were too sparse or too inaccurate. The analysis was done in several cycles. The first cycle determined which constants were determinable from the data. Those constants were then fit to a power series in order to calculate the undetermined constants for the next cycle. Some constants which could not be determined from the measurements were then held fixed at the calculated values in the next fit of the measurements. This gave improved values for the determinable constants and the cycle was repeated. This self-consistent procedure converged quite rapidly to give the constants reported in Tables 3-6 . At the end, we could fit 197 constants of 46 observed rovibrational states, while 142 additional constants of these states, and of 16 other predicted states where fixed to, as we believe, adequate values. The body of data is 10 150 lines, where 8 669 lines in the file are given a weight, and thus were used in the last least-squares fit. All line positions are available as supplementary data.
Vibrational Quantum Number Expansions
The constants given in Tables 5 and 6 were fit to the usual power series expansion in the vibrational quantum numbers v and l to determine a set of constants which could be used to predict further rovibrational constants and unobserved term values. We have successfully used such predicted constants to climb up the bending vibrational ladder of H 13 C 15 N. The constants allowed us to calculate the emission lines for new vibrational transitions with an accuracy of ±0.05 cm −1 (10 linewidths) or better when extrapolating to the next higher level. For the vibrational constants given in Table 5 , we used the expansion
Here we use G 0 (0, 0) = 0, then G(0, 0) on the left hand side represents the zero-point vibrational energy. In this and the following equations the sums are over all values of the subscript from 1 to 3 for the three normal modes with h ≥ k ≥ j ≥ i. The vibrational degeneracy is given by d 1 = d 3 = 1 and d 2 = 2. Since the emission measurements for H 13 C 15 N go to very high bending states, it was necessary to include constants in Eq. [7] that involve high powers in the bending quantum number as well as high powers for the quantum number of the vibrational angular momentum, l. The constants are comparable with the higher order terms of the same values for the other isotopomers of HCN (7) . It is obvious that they only differ by a small amount. In those cases where a constant could not be determined for any isotopomer, it was necessary to set it to zero in the least-squares fit. Nakagawa The rotational constants are fit to
The constants on the right hand side of Eq. [8] are given in Table 6 . In several cases certain constants could be determined for some other isotopomers. In those cases the constants were set equal to the value found for another isotopomer. When a constant could not be determined for any isotopomer, it was set to zero. The centrifugal distortion constants given in Table 6 were calculated by
and
For H v , the constant 3 for the stretching mode v 3 could not be estimated; it was set to zero. Note that the quartic centrifugal distortion constant D e of H 13 C 15 N was predicted to 76.79 kHz in an early quantum chemical calculation (23) , which we can confirm with our measurement. The l-type resonance constants given in Table 6 were fit to the equation
[11]
The associated J -dependent terms are defined by the expression
[12] Table 6 gives these higher order constants determined for the isotopomer H 13 C 15 N. As can be seen, there were very few determinable values of q v J J and ρ v . Those constants were therefore fit to an abbreviated power series, q v JJ = q * JJ + q 2JJ (v 2 + 1) + q 3JJ (v 3 + 1/2) [13] and ρ v = ρ * + ρ 2JJ (v 2 + 1) + ρ 3JJ (v 3 + 1/2).
[14]
CONCLUSIONS
The constants given in Tables 3 to 6 are in good agreement with those given in our former paper (7 ) and also by the force field calculations of Nakagawa and Morino (21) It is interesting to note that the bending vibration of H 13 C 15 N is not very anharmonic. The 11 constants of Table 5 are enough to fit the 26 observed bending levels that extend up to v 2 = 11 fairly well. It was earlier found that one almost needed a new constant to fit each measurement of a new stretching state for HCN. This work also demonstrates that emission measurements can be used to explore the ladder of bending vibrational states up to term values of 8100 cm −1 , much higher than the ground state of the isocyanide isomer, HNC. The high v 2 -states reached in this measurement, as well as in our recent papers (1, 7 ) , are approximately half way to the lowest energy-delocalized state crossing the saddle point of the isomerization pathway to H 15 N 13 C. This level was predicted recently by theoretical treatments (24) , also see (25, 26 ) . On the other hand, on the side of the HNC "bowl" of the potential energy surface, there are states populated up to v 2 = 5 at a temperature of 1423 K (9). In the data from the present measurement at 1370 K, we could not assign transitions of the heavier isomer H 15 N 13 C. Because of the many new measurements of the isotopomer, we can confirm the assignments of the millimeter-wave spectrum given for v 2 ≤ 2 by Preusser and Maki (16) . Their measurements as well as all other available data were included in our fit. All of the data of H 13 C 15 N that were used in our fits are available as supplementary data.
